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EXAFS and DFT: Evidence for the [Tc=OJ** coret
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A structure elucidation strategy combining X-ray Absorption
Spectroscopy (XAS) and Density Functional Theory (DFT)
is demonstrated and reveals the existence of the [Tc=OJ]*
moiety.

Technetium, an unusual element whereof only radioactive iso-
topes exist, is characterised by a very rich redox (-1 to +7)
and coordination chemistry. Due to its importance for nuclear
medicine and the considerable amount of Tc present in high level
radioactive waste as a fission product from U it has been the focus
of many studies for several decades.™ In the absence of stabilising
ligands Tc(VII) and Tc(IV) are the main, stable oxidation states
in oxygenated and reducing conditions, respectively. In spite of
the research efforts invested in this element, some important gaps
in the fundamental aqueous Tc chemistry remain. For example,
two candidate geometries TcO(OH),*"(aq) and Tc(OH),*"(aq)
are still considered possible as molecular configurations of Tc(IV)
hydrolysis species because oxy- and hydroxy-coordination in these
sparingly soluble Tc(IV) species (solubility of TcO,.xH,O = < 3 x
108 M) can only be distinguished with ambiguity. Currently, the
main argument for postulating Tc=0?* as the core of the hydrolysis
series (TeX?**, TeX(OH)*, TcX(OH), and TcX(OH);~, with X being
either an oxygroup or two hydroxyls) is the observation that the
charge of these species never exceeds +2, even at pH = 0. To
our knowledge the existence of the [Tc=OJ* core has not been
confirmed in either hydrolyzed Tc(IV) species or in any other
Te(IV) coordination compound.

The identification of specific chemical groups using the vast ar-
ray of diffraction and spectroscopic means is a commonly achieved
goal in crystalline solids.” The extraction of complete, detailed
structural information from dissolved species or amorphous solids
is however still challenging. The desired information is often only
available through a combination of state-of-the-art techniques
without having access to a complete overview of the structural
problem at hand.

In this contribution, evidence for the existence of a [Tc=0J*
core will be provided using an innovative strategy based on
the combined use of X-ray Absorption Spectroscopy (XAS)
and Density Functional methods (DFT) allowing local structure
determination for crystalline, non-crystalline and solvated species
in virtually all experimental conditions.

Extended X-ray Absorption Fine Structure (EXAFS) spec-
troscopy refers to the measurement of the X-ray absorption
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coefficient u as a function of the photon energy above the threshold
of an absorption edge. Upon absorption of an X-ray photon, a
photoelectron is ejected (outgoing wave) that will be backscattered
by neighbouring atoms thereby producing an incoming electron
wave. The oscillating EXAFS signal results from interference
between outgoing and incoming waves.’* The Fourier Transform
(FT) of EXAFS data yields a radial distribution function (RDF),
providing an overview of the spatial arrangement of neighbouring
atoms in a radius of circa 6 A around the targeted atom. Structure
elucidation can be achieved either by curve fitting the data with
the sum of the individual waves originating from the neighbouring
atoms, or by a linear combination analysis based on reference
experiments and/or ab initio XAS data obtained from a model
structure. The individual waves for the curve fitting process can
be generated from theoretical or empirical scattering phase shifts
and the amplitudes obtained from ab initio software like FEFF"!
or experiments on known reference compounds. While the first
part of the RDF (R + A = 1-3 A) is usually dominated by
(2-legged) single scattering (SS) events between the central atom
and one neighbour, angular information can be deduced from
multiple scattering (MS) events between three or more atoms.
The calculation of theoretical phase shifts and amplitudes for
MS events requires a detailed geometrical model of the studied
compound. It will be shown that the combination of the easily
obtained SS information with computational chemistry provides
an excellent way to construct molecular geometries with the
required detail for unknown systems.

Geometry optimizations identifying the lowest energy molecu-
lar geometry close to a specified starting structure are available for
molecules consisting of almost all elements. Depending on the op-
timization problem, quantum mechanics, density functional the-
ory or other methods can provide a computationally cost-effective
solution with the required accuracy. In most cases experimental SS
data combined with a priori information can be used to limit the
number of possible starting geometries for the problem at hand.
This is however not a prerequisite for the successful application
of the proposed strategy (see S1t) as the sought geometry can be
built by iteratively improving the initial structure based on SS data
only. Optimization of these starting geometries by modelling and
subsequent MS EXAFS analysis provides a means for structure
determination of an unknown molecular species.

A Te(IID) reference compound Te(acac),’, well-known from sin-
gle crystal structure analysis, was prepared similarly to the method
of Abrams et al.:'*" 39 mg of Na,S,0, was added to a mixture
of 4.6 mL 2.5 M NaOH, 5.5 mL ethanol, 2.8 mL B-diketone and
200 ul of 6.2 x 10 M NH,*TcO,. After 24 h reaction at 65 °C
the Tc(acac);’ was extracted from the red solution with 4-methyl-
2-pentanone (MIBK) in a glove box (N,/H, 95/5%; < 2 ppm O,).
To achieve the necessary Tc concentration for XAS measurements
in transmission mode the extract was concentrated to 2 mL
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using a vacuum distillation apparatus at 25 °C, equipped with
a liquid nitrogen cooled condensation stage. The concentrated
samples were transferred to a polypropylene sample container in
the glove box and subsequently sealed in two polyethylene bags,
providing three distinct sample confinements. Transportation of
the samples from the radiochemical laboratory to the XAS station
was performed in a steel container under an N,/H, (95/5%)
atmosphere to avoid contact with atmospheric oxygen.

Technetium K-edge XAS measurements were carried out at the
dedicated radiochemistry hutch of the ROBL beamline located at
the European Synchrotron Radiation Facility (ESRF, Grenoble,
France) using a double crystal monochromator (DCM) equipped
with two Si(111) crystals in pseudo channel-cut mode. The spectra
were recorded in transmission mode scanning from 21 keV to
22.5keV and using 3 ion-chambers to determine 10, I1 and I2. For
each scan the absolute energy calibration of the DCM was vali-
dated using a Mo foil between the 2™ and 3" ionisation chamber.

Data reduction and analysis was achieved using a combination
of XAS and modelling tools including EXAFSPAK, IFEFFIT,
FEFF8 and Gaussian03 (see S17). Initial SS fitting exclusively
used phase shifts and amplitudes arising from Tc-neighbour-
pairs calculated with FEFF8. The obtained crude geometry
was constrained in 1 or 2 coordination shells and served as a
starting model for the DFT structure optimisation.; Geometry
optimization of the model structures used in EXAFS data
analysis was performed using Density Functional Theory (DFT)
utilizing the unrestricted B3LYP functional implemented in
Gaussian03 rev. D02 as the model chemistry. Calculations were
performed based on a mixed basis set, combining the LANL2DZ
effective core potential basis set for the Tc atoms with Pople’s
6-31G(d) basis set for all other atoms. This choice of DFT
functional and associated basis sets is known for its good results
for geometry optimization of technetium compounds. All
atoms in the optimized geometries were then used as input for
FEFFS8 calculationst to obtain phase shifts and amplitudes for all
significant 2 to 4-legged scattering paths. Fitting results were used
as the basis for a recursive geometry refinement (see S1t) until
the model spectrum exhibited all major EXAFS features while
exhausting all important scattering paths identified by FEFF.

Although the electronic spectrum of the samples diluted
in acetonitrile did not show absorption bands§ other than
those described in literature,'!*'5'7 the EXAFS data provided
indisputable evidence for the presence of a second technetium
species next to Tc(acac),’.

The asymmetric EXAFS envelope (Fig. 1), provided the initial
indication for the presence of this second species. A coordination
environment dominated by an almost perfect octahedral oxygen
shell should not be so strongly asymmetric. A second, strong
indication was the presence of two maxima in the imaginary
part under the nearest neighbour signal in the RDF after phase-
and amplitude-corrected FT of the &* weighted EXAFS spectrum
(see S27). In the case of the octahedral coordination of Tc in
the Tc(acac),’ complex, the symmetric first shell of oxygen atoms
would result in one single peak with a symmetrical imaginary part,
having its maximum at the top of the absolute magnitude and at
the correct coordination distance.™®

When assuming the presence of a second Tc species next to the
Tc(acac);’ (+ 70%) the experimental spectrum could be reproduced
with high accuracy (Fig. 1, Fig. 2, Table 1). Table 2 demonstrates
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Fig. 1 k* weighted EXAFS data, fit [Tc(acac);’ + Te=0(OH),(H,0);],
residual and contribution of the 1** O-shell of Tc(acac),’ (see S37).

R+A(A)

Fig. 2 Fourier transformed EXAFS data (magnitude/imaginary part)
and fit.

the excellent agreement between the radial distances derived by
EXAFS for the Te(acac),” complex with crystallographic and DFT
optimisationt results.'

The strongest contribution of the second species to EXAFS
intensity was unambiguously identified as one short (1.73 A)
oxygen bond typical for a Tc-oxo bond. Based on the recur-
sive fitting algorithm (see S17), either a distorted octahedral
6-coordinate TcO(OH),(H,0); species or a highly symmetric
5-coordinated trigonal bipyramidal TcO(OH),(H,O), species can
account for the EXAFS pattern. The presence of any acac ligands
in this species could clearly be excluded.

In the presence of only oxo, hydroxo and aquo ligands Tc(III)
is highly unstable and is readily oxidised to Tc(IV). In addition,
the observed intermediate edge energy (max 1* derivative: 21056.3
eV, —6.4 eV vs. TcO,") and the absence of any pre-edge features
also point to a mixture of Tc(IIT) and Tc (IV) Tc species.’*? A
loss of acac ligands during the concentration procedure could
easily lead to the oxidation of Tc(IIl) ions and the formation of
the identified TcO(OH),(H,O), species. Oxidation to Tc(V) can be
excluded because bond distances between Tc(V) and O in [Tc=0]*
species are typically much smaller (1.59 to 1.68 A)? than those
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Table 1 EXAFS fit data

Path“ N R o’ So? R-factor?
Tc,-O 6 2.030 0.00136 So*(Tey)?  0.2631
Te,~C, 6 2.964 0.00212 0.2298
Te,-C, 3 3.318 0.00188 0.2187
Tc,—O-Tc,-O 6 4.097 0.00271 0.1491
Te,~C,-O 12 3.098 0.008° 0.0794
Te,-0, 1 1.728 o’ (Tc,—0)  S¥(Tc,)?  0.0317
Te,-O, 2 1.966

Te,—O; 2 2.198

Te,-0, 1 2.511

Tc,—C; 6 4.396 0.004¢ So?(Tey )Y 0.0304
Te,~C;-O 12 4.430 0.01292 0.0284
Tc,-O-C;-O 6 4415 0.00892

Tc,—-C,-C5-O 12 4.503 0.01441

S,2(Te,) 0.6135 AE((Te))  —1.557

Sp*(Tc,) 0.3865 AEy(Tc,) -3.828

“Te,: Te(acac),’; Te,: TcO(OH),(H,0);. ° R factor is shown for each path
added to the fit, all other parameter show the final fit values. During the
fit procedure, additional paths were fitted in order of appearance until the
R factor was not further reduced.  fixed. ¢ S,*(Tc,) = 1 — S*(Tc,).

Table 2 Comparison of EXAFS fitted distances (A) for Tc(acac),® with
DFT and XRD results

Path EXAFS DFT XRD'
Tc-O 2.030 2.053 2.025
Te-C, 2.964 3.008 2.945
Te-C, 3.318 3.380 3.295
Te-C; 4.396 4.359 4.296

derived here. Therefore we conclude that the new species contains
Te(IV).

The DFT optimized geometries] obtained by the recursive
EXAFS fitting algorithm (see S2t) were used as input for ab initio
full multiple scattering calculation of their XANES spectra using
the mixed Dirac-Hara/Hedin Lundqvist exchange correlation
potential implemented in FEFFS8 (see S4f). Fig. 3 shows the
excellent agreement between the experimental XANES spectrum
and a linear combination fit of the ab initio spectra for the
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Fig. 3 XANES data, fit, residual and FEFF8 generated LC components
Te(acac),” and TcO(OH),(H,0),.

two Tc species in solution (Athena; weight: 0.71/0.328; AE":
0.467/-2.030 respectively).

The described recursive geometry refinement methodology
based on the combined use of XAS and computational chemistry
(DFT, FEFF) (see S11) was previously undocumented and allowed
for the first time to indisputably identify the ‘oxy’ coordina-
tion in the molecular structure of a Tc(IV) hydrolysis species
TcO(OH),(H,0), present as an impurity in a Tc(acac),’ reference
solution.
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